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CHAPTER 1.  
 Introduction 
In the living tissues cell functions are regulated by a complex set of signals 
principally provided by the extracellular matrix (ECM) [1][2]. These signals 
can be mainly divided in physical, chemical and topographic and their nature 
is strictly correlated to the physical and chemical properties of the ECM. 
In order to get a deeper comprehension of the cell behavior and consequently 
to get a superior control over their fate, it is necessary to design artificial 
platforms able to replicate, in a biomimetic way, the complex signaling 
patterns provided by the ECM [1][3].  
The creation of these platforms passes through the development of the cell 
instructive materials (CIMs), which simultaneously integrate multiple signals 
precisely organized in time and space that affect the cell fate [4]. In this 
context, a broad spectrum of materials has been processed and used (starting 
from inorganic materials to natural derived organic polymers). Among all the 
materials, the polymeric ones, due to their properties adjustability, have been 
the most widely employed. Thanks to the progresses in the material science 
and in the micro- and nano-fabrication techniques, nowadays it is in fact 
possible to modulate the polymers properties matching those of several living 
tissues. In cell engineering, synthetic, natural and nature derived polymers 
have been used. In principle, synthetic polymers allow to easier and 
independently modulate their properties and are then extensively used for the 
production of highly engineered platforms. On the other hand, even if natural 
and nature derived polymers intrinsically own some of the ECM properties 
(then resulting potentially more adequate for many cellular applications), 
their application is often limited by the difficulties related to their properties 
tuning [5]. 
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Since the ECM is three dimensional, recent studies have demonstrated that 
experiments conducted on 2D platforms are not able to fully recapitulate the 
cell-ECM interactions.[6][7][8][9]. To overcome the limits of 2D platforms 
in the replication of the ECM 3D characteristics, several micro- and nano-
fabrication techniques have been developed [10][11].  
Among these techniques, the direct laser writing based on the two-photon 
polymerization principle (DLW-2PP), gives the possibility to mimic with 
good fidelity the ECM structures; by means of this technique, in fact, it is 
possible to realize with high accuracy complex 3D structures with features 
size also smaller than 100 nm [12]. Another advantage of the DLW-2PP 
technique is the possibility to process different types of materials and then 
fabricate 3D constructs resembling the structural and physical features of 
several tissues. 
An important aspect to take into account in the design of cell-instructive 
platforms is the cell-ECM signaling dynamicity, which has been proved to 
affect cell behavior [13].For this reason in the last years several efforts have 
been spent for the development and integration into cell-instructive platforms 
of materials able to change their properties in response to specific stimuli 
(stimuli-responsive materials) [14][15][16][17][18]. 
Bearing in mind the number, specificity and complexity of the ECM 
signaling in the determination of the cell behavior, it is intuitive that the 
realization of platforms that comply with all the features of the cell living 
environment is one of the hardest challenges for bioengineering.  
1.1 3D Microfabrication techniques 
Processing biomaterials to replicate the complex 3D architecture of the ECM 
is of fundamental importance in cell engineering applications, where several 
3D micro- and nano-fabrication techniques are currently being used 
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[6][7][8][9][10][11]. Nowadays the additive manufacturing (AM) techniques 
are the most promising ones, which are based on the layer-by-layer 
fabrication of 3D structures starting from the cross sections of a Computer 
Assisted Design (CAD) model [11]. 
Based on the specific fabrication system, the AM techniques can be classified 
in nozzle-, printer- and laser-based [19]. The latter is the most advanced, as it 
allows fabricating complex 3D structures with resolutions even down to 90 
nm, while the other two are able to reach at most several micrometers in 
resolution.[11][20].  
In the context of cell engineering, it is known that the ECM structural units 
show features size down to few nm [21][22][23]. Apparently cells feel and 
are influenced by structural dimensions down to 35 nm, making the laser-
based AM the most suitable class of techniques [24][10]. 
However, the biggest limitation in using the laser-based techniques is 
represented by the fabrication time. In general, a higher resolution capability 
is in fact associated with a long process duration, which generally limits the 
use of these techniques to the fabrication of platforms covering only few 
millimiters. 
The techniques belonging to the laser-based class are the selective laser 
sintering (SLS), stereolithography (SLA), micro-stereolithography (µSLA) 
and the 2PP. The SLS is a thermal technique in which a laser sinters powder 
materials. Using the actual SLS systems, to date it is impossible to produce 
components smaller than 500 µm [25].  
SLA, µSLA and 2PP are optical techniques where a laser is used to 
photopolymerize or photocrosslink polymers. In the SLA and µSLA the 
fabrication of photosensitive materials takes place through the absorption of a 
single photon, while in the 2PP the simultaneously absorption of two photons 
occurs [26]. Thanks to the different optical processes involved, the 2PP has a 
better performance than SLA and µSLA, as it can produce structures with 
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resolution down to 90 nm, well below the resolution limit of about 1 µm 
shown by µSLA [11]. Furthermore, the 2PP process allows fabricating any 
3D object without structural restrictions; this is due to the fact that the 
simultaneous absorption of two photons occurs only in the focal spot of the 
laser, which makes possible to freely structure a specific zone of the material 
volume [27]. In the SLA and µSLA processes, instead, the absorption of the 
single photon takes place at the material interface, forcing to build any 
structure following a layer-by-layer strategy [19]. The physical principles of 
the DLW-2PP process will be treated in the next sections. 
1.2 Photo-polymerization 
The photo-polymerization is a process in which a light source with a 
wavelength (λ) included between the ultraviolet (UV) and the infrared (IR) 
spectrum interacts with a photosensitive polymer-based material commonly 
called photoresist. This interaction excites the unsaturated polymer units 
(monomers or oligomers) that, as a consequence, start to polymerize or 
crosslink [28]. The widely used radical polymerization is a chain reaction in 
which reactive species are subsequently added to a molecule to form a 
polymer chain.  
In the photoresist development, it is extremely important to evaluate the 
photopolymerization quantum yield; this parameter is defined as the ratio 
between the number of polymerized units and the number of photons needed 
for the polymerization process. Considering the radical photo-
polymerization, because of the nature of the chain reaction, the quantum 
yield reaches also values of several thousands [29]. For practical purposes, 
because generally the polymer units are extremely difficult to excite with 
light, photoinitiators and/or photosensitizers are added to the photoresist 
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composition; these small molecules are more sensitive than the polymer units 
to the light sources and promote the photo-polymerization [30][31]. 
The photoinitiators are molecules that, consequently to the photon 
absorption, generate reactive species that initiate the polymerization attacking 
the polymer units. The photosensitizers, instead, transfer a portion of the 
energy derived from the photon absorption to the photoinitiators that, in turn, 
initiate the polymerization process [29]. 
In equation 1 the photo-initiations, polymerization propagation and 
polymerization termination (via combination or disproportionation) are 
schematically represented. 
 
Equation 1 
																																							
Here the symbols denote the photoinitiator (I), the radical unit (R·) and I* 
represents an intermediate state of the photoinitiator after the absorption of a 
photon (Initiation). M is the monomer or oligomer unit, and Mn, the 
macromolecule containing n monomer units.  The photo-produced radicals 
react with monomers or oligomers producing monomer radicals that combine 
with new monomers and so on (Propagation); the monomer radicals expand 
in a chain reaction, until two radicals meet with each other and the reaction is 
then stopped (Termination). 
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1.3 2PP process 
The 2PP is a process where the photo-polymerization takes place as a 
consequence of the quasi-simultaneous absorption of two photons. The two-
photon absorption (TPA) was theoretically proposed by Göppert-Meyer in 
1931 and experimentally demonstrated as a tool for the photo-polymerization 
only in the 1965, by Pao and Renztepis [29].  
In the field of fabrication, both in one- and in two-photon absorption, 
photosensitive molecules that absorb photons are excited to an energetic state 
in which they can produce reactive species able to trigger the photo-
polymerization. While in the one-photon absorption the excitation takes place 
in a single step, in the TPA it occurs in two stages, in each of which a single 
photon is absorbed: in the first step molecules are excited to a virtual 
energetic state and in the second step they could be further excited to the 
singlet state [20]. The passage to the singlet state takes place only if the 
absorption of the second photon occurs within the very short lifetime of the 
virtual state (10-15 s); otherwise molecules come back to the initial not excited 
energetic state [32] (ground state) (Fig. 1).  
	
Figure 1: Diagram showing the activation and deactivation pathways of a photo initiator, 
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Wu et al. [32]. Both single-photon and 2-photon absorption is shown as well as various 
deactivation pathways and internal conversion to the triplet state via cleavage creating 
radicals or ions that can initiate polymerization.  
 
Once excited to the singlet state, molecules can come back to the ground 
energetic state because of some deactivation mechanisms or can produce 
some reactive species that, passing through the triplet state, trigger the 
photopolymerization [32] (Fig. 1). To start the 2PP, molecules need to absorb 
a minimum quantity of energy called polymerization threshold, which value 
depends upon the photopolymerization quantum yield (see paragraph 1.2) 
and upon the 2-photon absorption cross section (δ), a parameter that 
estimates the initiator aptitude in the TPA. 
The TPA is a non-linear phenomenon of the third order in which the 
molecule energy absorption rate, and thus the probability that the TPA takes 
place, is proportional to the square of the light intensity [33] (Eq.2).  
 
Equation		2																									
!"!" = !!!!!!!! !!!" ! ! 	
 
Where ω is the angular frequency, C the speed of light in vacuum, n the 
refractive index of the medium, I the laser intensity and [χ(3)] the imaginary 
part of the third order susceptibility tensor.  
In the TPA each photon possesses approximately half of the total energy 
required to excite the molecules to the singlet state. Compared to the photons 
involved in the classic UV lithography (one photon absorption), photons used 
in the 2PP possess half of the energy and double of the λ, then belonging to 
the infrared (IR) region. Generally, the IR radiation used in the 2PP processes 
is provided by Ti:Sapphire lasers emitting photons between 700 and 800 nm. 
The low energy of the IR photons, combined to the quadratic dependence of 
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the TPA probability with the laser intensity, imply that in the 2PP processes it 
is necessary to reach very high photon densities and then huge radiation 
intensities to trigger the polymerization. IR lasers that work in continuous 
wave (CW) regime cannot achieve the necessary photon density values 
without thermal damaging the material [12]; due to this physical limitation 
and to the very limited lifetime of the virtual state, femtoseconds (fs) pulsed 
IR lasers are used.  
Using IR radiations, the minimum photon density needed to trigger the 2PP is 
achieved only in the laser focal spot, while in the outer regions no radiation 
absorption occurs. This peculiarity allows selectively polymerizing any 
region in the photoresist volume simply changing the laser focus; thanks to 
this possibility, the structural fabrication restrictions related to the other AM 
techniques can be overpassed, and very complex 3D structures can be then 
fabricated [32] (Fig.2)  
 
	
Figure 2: Left, UV light is absorbed at the surface of a photosensitive polymer and can only 
be used for fabrication of 2D structures. On the right NIR light is focused into the volume of 
the UV-sensitive resin allowing the 3D fabrication (2PP) [32]. 
 
Even though, theoretically, with the 2PP no limitations over the minimum 
achievable voxel size exist, practically the lowest dimensional limit is 
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determined by several parameters such as the photoresist photochemical 
properties, the two-photon system equipment specifications and the process 
parameters [34].  
Furthermore, due to the differences between the axial and lateral components 
of the laser wave-vector, the voxel shape results elongated along the axial 
direction and presents an aspect ratio (AR) generally higher than 3 (Fig. 3) 
[34]. 
 
	
Figure 3: Schematic representation of voxel formed in the focal volume of the IR laser. 
 
The analytical expressions that correlate in the three dimensions the voxel 
size with the polymer properties and the equipment specifications are 
reported in equations 3 and 4 [20]. 
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Equation 3 
! !!, !,!" = !! !"# (!"#!!(!" !))× !" !!!!!!! !"# !"#!! !"! !!!"!!
! !
  
 
Equation 4 
! !!, !,!" = !"! [!"# (!"#!!(!" !))]!× !!!!!!! !"# !"#!! !"! !!!!!"
!! − !
!!
            
 
Where d and l are respectively the voxel diameter and length. Eth is the 
threshold energy for polymerization, Pt the amount of laser power used, λ the 
laser wavelength, n the refractive index of the medium in which the objective 
is immersed in, t the exposure time and NA the numerical aperture of the 
objective used for the polymerization. 
The previous equations clearly indicate that the axial voxel dimension is 
more sensitive to the laser power than to the exposure time; from these 
relations it is also evident that by opportunely choosing the process 
parameters it is possible to tune the voxel aspect ratio and, then, improve the 
2PP process performance in terms of resolution or speed [20]. 
In order to decrease the minimum voxel size, more advanced versions of 
DLW-2PP process have been developed; here the principal ones are the 
stimulated-emission-depletion (STED) 2PP and the Resolution Augmentation 
through Photo-induced Deactivation [34]. Both these techniques are based on 
the concept of the depletion mechanism in which, simultaneously combining 
different laser sources, it is possible to stop the spatial advancement of the 
photo-polymerization then limiting the voxel dimensions; employing these 
innovative approaches voxel size down to 9 nm and resolutions of 52 nm 
have been achieved [35].  
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1.4 2PP bio-applications 
The capability to produce 2D and 3D complex highly resolute structures and 
the possibility to process a broad variety of biomaterials in different 
conditions, have made the DLW-2PP an appealing technology for the 
development of several bioengineering systems [36][37][38]. DLW-2PP has 
been used for the fabrication of micro-needles, in microfluidic and micro-
robotic applications, in tissue engineering and for the study of cell behavior. 
Micro-needles are designed as painless transdermal drug delivery systems. 
Narayan et al. were the first to fabricate micro-needles by means of the 
DLW-2PP technology; in a first work they fabricated Ormocomp-based 
micro-needles able to penetrate the porcine skin [39] and, in a successive 
work, the human skin penetration was achieved [40]. 
In microfluidic the DLW-2PP has been used for many and different purposes; 
the introduction of actuator components [41] [42], the fabrication of entire 
3D devices [43] or the insertion of complex 3D structures for the in-chip 
study of the cell behavior [44], are just some examples of the application of 
the DLW-2PP in this field. In a microfluidic chip it is possible to finely 
control several parameters, such as, for example, the fluid flow-rate, the 
temperature or the solution compositions. In the context of the cell behavior 
studies this capability could be used to better bio-mimic the cell-environment 
and then to get a precise control over the cell signaling [45][46]; here the 
insertion of 3D microstructures through the DLW-2PP technology represents 
an added value. Following this concept Olsen et al. have for example studied 
the migration of human dendritic cells in complex micro-topologies towards 
a chemo-attractant substance [44]. More specifically they have inserted in a 
commercial chip designed for the chemo-taxis analysis a complex woodpile 
structure and, varying its pores size, they have systematically evaluated the 
effect on cellular migration.   
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In the last years, the DLW-2PP technique has been used in the micro-robotic 
[47][48][49][50]. Here, because of the observed strong correlation between 
the object shape and motion, it is fundamental to precisely shape materials on 
the sub-micrometric scale. Huang et al. have realized magnetic-sensitive 
helical micro-swimmers demonstrating that very little design variations 
strongly affect the micro-objects motion [51]. These types of platforms have 
been used to transport and move different objects ranging from lipoplexes for 
gene delivery [49], to entire scaffolds for cells cultures [48]. 
Innovative cell-instructive platforms have been fabricated through the DLW-
2PP technology [37]. Scheiwe et al. have for example realized a 2-component 
system to study the cell reactions to specific mechanical stimuli. First, they 
have controlled the cell shape precisely positioning cell adhesive sites on 
non-adhesive 3D structures trough a complex 2-steps lithography process 
[52]; once fixed the cell shape, they have employed an AFM tip to deform 
the structures and then evaluate the cell reactions (Fig.4) [53]. 
 
	
Figure 4: On the left an image of the 2-component scaffold: the grey pillars are made of 
Polyethilenglicole diacrylate (PEG-DA) and are cell-repellent, while the orange structures 
are made of Ormocomp, a photoresist able to adsorb fibronectin which then promotes cell-
adhesion [53]. In the center a 3D reconstruction of a cell adhered selectively on the adhesive 
anchorage points is reported. In the image on the right is showed an AFM tip that deforms 
the structure in a controlled way. 
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Hohmann et al. have studied the influence of the 3D topography on the 
differentiation and proliferation of osteoblast-like cells [54]. Precisely 
controlling the 3D structures geometry they have identified the topographical 
parameters that in a 3D environment influence the cell shape and 
proliferation, thus providing important information useful for the design of 
in-vivo implants. 
Marino et al. have fabricated a 3D scaffold replicating the natural trabecula 
architecture (Fig.5) [55] that, compared to the other scaffolds present in the 
literature, has strongly enhanced the cell proliferation and osteogenesis 
processes.  
 
	
Figure 5: SEM image of the trabecula scaffold fabricated by Marino et al. [55] 
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1.5 Hydrogel for DLW-2PP 
Hydrogels are polymeric materials formed by a 3D intricate network of 
hydrophilic units connected through chemical or physical crosslinks; as a 
consequence, hydrogels can absorb high quantities of water without 
dissolving [56][57].  
Hydrogels are generally biocompatible, allow the diffusion of oxygen and 
nutrients and present tunable mechanical properties that often match with 
those of several living tissues [58].  
Actually this class of materials, because of the capability to replicate several 
properties of the ECM, is considered as the most promising one for cell 
engineering applications [59][60]; basically hydrogels are divided in 
synthetic, natural and nature derived, which are obtained by chemical or 
physical treatment of natural polymers. 
Natural hydrogels are biocompatible, biodegradable and generally encourage 
cell adhesion without the need of any specific treatment or functionalization. 
On the other hand natural hydrogels often suffer of low mechanical 
properties that limit their use in the fabrication of stable microstructures; 
moreover, generally, their chemical, mechanical and topographic properties 
cannot be independently tuned [61][62][63]. 
Synthetic hydrogels can be easily engineered and offer, unlike the natural 
ones, the opportunity to tune independently the spatio-temporal distribution 
of their physiochemical properties [5]. Generally, these materials lack of 
biodegradability and bioactivity, that could be however introduced through 
chemical functionalization [63].  
In the last twenty years, the DLW-2PP technology has been frequently 
employed for the hydrogel processing [64][65],  starting in most cases from 
natural hydrogels, due to their cell-friendly properties. The pioneering work 
conduced by Campagnola et al. [66][67] allowed for the first time to obtain 
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the photo-polymerization of Bovine Serum Albumine (BSA) by means of a 
2PP system. The same group, later, optimized the 3D micro-fabrication of 
other natural hydrogels and proteins such as collagen I, fibrinogen, 
fibronectin and concavanalin A [68]. 
To overcome the limitations related to the fabrication and engineering of 
natural hydrogels, more advanced synthetic or nature derived ones have been 
developed [65]. 
Among synthetic hydrogels, PEG-DA has been one of the most used in its 
pure form or also in combination with other photosensitive polymers. As the 
greatest part of synthetic hydrogels, pure PEG-DA lacks bioactivity and 
biodegradability; to overcome these restrictions PEG-DA has been 
chemically doped with different cell adhesive and biodegradable peptides 
[69][63].  
As an alternative to the realization of synthetic materials, nature derived 
hydrogels can be also specifically treated and modified to better match the 
requirements of the DLW-2PP fabrication processes [64]. Here, one of the 
most common strategies has been to increase the polymer cross-linking 
degree introducing photo-polymerizable functionalities in the polymer chain. 
One example of these modified materials is gelatin, which has been modified 
and for the first time fabricated with a DLW-2PP system by Ovsianikov et al. 
to obtain complex 3D scaffolds for the seeding of mesenchymal stem cells 
[70]. 
1.6 Gelatin 
Gelatin is a hydrogel obtained from the partial hydrolysis and denaturation of 
collagen. During this process the collagen triple helix structure is broken and 
the polymer chains form a random coil [71] (Fig.6).  
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Because of its derivation, gelatin is an appealing material for several 
biomedical applications; it is in fact biodegradable, pro-angiogenic and non-
immunogenic, it exhibits low levels of cytotoxicity and presents all the 
collagen cell adhesive motifs. In addition, compared to collagen, gelatin is 
more soluble, less antigenic and is less structurally polydisperse [72]. 
 
	
Figure 6: Schematic representation of the gelatin formation from collagen denaturation. 
 
In its natural form, at 37°C, gelatin shows a sol-gel transition that prohibits 
its use as a scaffold for any cellular application. To solve this problem several 
crosslinking methods have been developed [73][74][75][76].  
In this context, one of the possibilities is to photo-crosslink a chemically 
modified gelatin in which methacrylic or acrylic groups substitute a part 
(≤5%) of the native gelatin amino acids motifs ((Meth)acrylamide gelatin); 
because of the very low substitution degree, most of the native gelatin amino 
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acids related properties, such as for example the biodegradability and the cell 
adhesiveness, are preserved [72]. Differently from the other crosslinking 
methods, the photo-crosslinking allows to spatio-temporally control the 
polymerization reaction and then to create unique patterns and 3D structures 
to guide the cellular behavior [72]. 
In tissue engineering the (Meth)acrylamide gelatin has been used in many 
circumstances; it has been used, for example, to promote the cell 
vascularization in 3D environments [77], as a bone scaffold [78] and for the 
production of epidermis-type tissues [79].  
To expand its spectrum of application, the (Meth)acrylamide gelatin has been 
used also as a composite material. As an example, in combination with gold 
nanoparticles, it has strongly influenced the regeneration of bone tissues and 
has promoted the differentiation of adipose derived stem cells towards the 
osteoblast lineage [80]. Shin et al. have added carbon nanotubes to the 
modified gelatin improving its electrical conductibility and then enhancing 
the cardiac cells adhesion, organization and cell-cell coupling [81]. Together 
with hyaluronic acid derivatives the (Meth)acrylamide gelatin has shown 
good potentialities also in promoting the development of scaffolds for 
cartilage tissues [82]. 
1.7 Aim of the work  
The hard processing conditions of natural and nature-derived hydrogels, 
whose potential in cellular applications is well established, strongly limit 
their employment in the realization of advanced systems for guiding cells 
behavior. 
In this thesis we aim to expand gelatin use by proposing new different 
approaches for the development of innovative platforms for specific cell 
engineering applications. 
	 22	
In Chapter 2 we define the composition of a gelatin-based photoresist to 
fabricate complex and high resolute microstructures with our 3D lithography 
system based on the DLW-2PP process (Nanoscribe Professional GT).  
In Chapter 3 gelatin is engineered in order to fabricate instructive 
microstructures that undergo a deformation in response to a light stimulation; 
following this strategy we develop a gelatin-based platform for the 
positioning and mechanical stimulation of cells.  
In Chapter 4 we fabricate gelatin instructive building blocks designed to 
guide, with specific topographic patterns, the production of anisotropic 
oriented microtissues for tissue engineering applications. To this end, 
because of its low fabrication speed, we use the Nanoscribe only as a rapid 
prototyping technique to test the efficiency of the aforementioned 
topographic signal. Once demonstrated the importance of the topography in 
determining the micro-tissue orientation, we propose a droplet microfluidic 
device for the massive production of tubular gelatin patterned emulsions.  
Final conclusions and future perspectives, with some parameters that still 
need to be optimized, are synthetically presented and discussed in Chapter 5.  
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CHAPTER	2.		
DLW-2PP	of	Photosensitive	Gelatin	
2.1 Introduction 
The most common micro-fabrication techniques used to process 
(Meth)acrylamide gelatin are photopatterning [1], microfluidic [2], 
micromolding [3]  and bioprinting [4]. Among these techniques, the DLW-
2PP lithography, as photopatterning technique, offers the possibility to create 
the most complex and resolute 3D geometries (see paragraph 1.4) and, 
because of these potentialities, its application in the fabrication of hydrogel is 
in continuous development [5][6]. 
Ovsianikov et al. have applied for the first time the 2PP technology to pattern 
the methacrylate gelatin, showing the remarkable potentialities of this 
approach in a cellular study [7]. In their first work, by defining the material 
porosity and micro-topography, they developed a complex instructive 3D 
scaffold that supported the adhesion, proliferation and differentiation of 
porcine mesenchimal stem cells towards the osteogenic lineage.   
Up to now, only Billiet et al. have modified gelatin with acrylic 
functionalities instead of the methacrylic ones [8]; in their work they have 
demonstrated that the acrylic motifs improve the mechanical properties and 
UV reactivity of the obtained material. However, acrylic functionalities are 
potentially more toxic than the methacrylic ones, even though they did not 
reduce too much cell viability (>90%) in the cell-laden constructs.  
On the other hand, because of its nature derivation, the photopatterning of 
gelatin by means of the DLW-2PP technique presented several critical issues 
[5]; one of these in particular is the low CAD reproducibility due to the 
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resolution losses and to the swelling related deformations. In this context, 
Hoorick et al. have presented a new approach in which the methacrylate 
gelatin is further modified to increase its crosslinking degree [9]; more 
specifically, they substituted a part of the carboxylic acid motifs with amino-
ethyl-methacrylate functionalities that, in turn, are involved in the photo-
polymerization process. The results showed an evident improvement of the 
CAD reproducibility, also when employing low percentage of gelatin 
solution; furthermore the material resulted more reactive to the light, 
completely biodegradable and apparently cytocompatible. 
These studies demonstrate the importance to engineer the material according 
to the specific process and application. In line with this observation here we 
have adapted an in-house synthetized acrylate gelatin-based photoresist to the 
Nanoscribe system for the fabrication of complex 3D innovative platforms 
for cell or tissue engineering applications. In this section we show the 
characterization of the material, the optimization of the photoresist 
composition and of the process writing parameters for the fabrication of 
complex 3D microstructures with feature sizes down to 1µm. 
2.2 Materials and methods 
2.2.1 Acrylamide Gelatin Synthesis 
Gelatin type B (Bloom strength of 225 g, Sigma) isolated from bovine skin, 
acrylic acid N-hydroxysuccinimide ester (Aldrich) and 4-Methoxyphenol 
(MeHQ) (Sigma-Aldrich) were used as received. Starting from a protocol 
reported by Billiet at al. [8], gelatin was chemically modified with acrylic 
side groups. After dissolution of 1 g of gelatin in phosphate buffer (pH 7.8) at 
40 °C, 0.19, 0.38, 0.57 and 0.76 mmol of acrylic acid N-hydroxysuccinimide 
(NHS)-ester and 46 ppm of MeHQ were added while vigorously stirring. 
After 1 h, the reaction mixture was diluted and dialyzed for 48 h against 
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distilled water at 40 °C. The reaction product was then freeze-dried leading to 
a white fluffy solid. The degree of functionalization was verified using 1H-
NMR spectroscopy at 40 °C.  
2.2.2 Azobenzene synthesis 
Azobenzene 1 was synthesized by an already reported protocol [10][11]. 
Azobenzene 1 (30 mg, 0.111 mmol) was dissolved in dichloromethane 
(CH2Cl2) and 74 µl of triehtylamine (TEA) at room temperature. Then 2.4 
equiv. of 1-Hydroxybenzotriazole hydrate (HOBt·H2O), 2.4 equiv. of N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC·HCl) and 
2.4 equiv. of compound 2 were added and left reacting overnight (Figure 1). 
The reaction was followed by thin layer chromatography (TLC) and the 
product was extracted in dichloromethane. The product was purified by 
column chromatography. The product formation was confirmed by Mass 
Spectrometry. MS (ESI): m/z calculated for C36H54N6O10: 731.39 [M+H]+; 
found: 731.40. After that, compound 3 was treated for 2 hours with a solution 
of 50/50 v/v trifluoroacetic acid (TFA) in CH2Cl2 to remove the Boc 
protecting group, then co-evaporated with toluene and treated with TEA. 
Finally, Boc-deprotected compound 3 was reacted with 2.4 equiv. of acrylic 
acid (197 mmol, 14.2 mg), 2.4 equiv. of HOBt·H2O, 2.4 equiv. of EDC·HCl 
and 4.8 equiv. of TEA. The reaction was followed by thin layer 
chromatography (TLC). The product was purified by column 
chromatography. The product formation was confirmed by Mass 
Spectrometry and characterized by UV/Vis spectrophotometry (see Chapter 
3, paragraph 3.3.2) MS (ESI): m/z calculated for C32H42N6O8: 639.39 
[M+H]+; found: 639.31. 
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Figure 1: Synthetic scheme of Azo-crosslinker. Reaction conditions: a) 0.111 mmol of 
azobenzene 1, 4.8 equiv. of TEA, 2.4 equiv. of HOBt·H2O, 2.4 equiv. EDC·HCl and 2.4 
equiv. of compound 2, overnight at room temperature. b) TFA/CH2Cl2 50/50 v/v for 2 hours 
to remove the Boc protecting group. After the reaction it was treated with TEA and co-
evaporated with toluene. c) Boc-deprotected compound 3 was reacted with 2.4 equiv. of 
acrylic acid, 2.4 equiv. of HOBt·H2O, 2.4 equiv. of EDC·HCl and 4.8 equiv. of TEA 
overnight at room temperature. 
2.2.3 Gelatin-based Photoresist Preparation 
Acrylamide-mofied gelatin B (20 % w/v) was dissolved in a citrate buffer 
(pH 3.1) at 40 °C for 24 h. When the solution becomes clear, 4 wt% (12.5 
mM) of azo-crosslinker and 3 wt% (16.4 mM) of Irgacure 369 (λmax ≈ 325 
nm) were added. 
2.2.4 Photolithography Process 
2PP was performed on a Nanoscribe Photonic Professional GT system 
(Nanoscribe GmbH). The Nanoscribe system uses a 780 nm Ti-Sapphire 
laser emitting ≈100 fs pulses at 80 MHz with a maximum power of 150 mW 
and is equipped with a 63x, 1.4 NA oil immersion objective. The substrate is 
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placed in a holder that fits into a piezoelectric x/y/z stage. A galvo scanner 
determines the laser trajectories. The aforementioned objective could work 
either in oil- (Fig. 2A) or photoresist-immersion configuration (Dip-in Laser 
Lithography, DiLL) (Fig. 2B). In the oil-immersion configuration the lens is 
immersed in an oil with a refractive index matching that of the glass on 
which the photoresist is placed; here, because of the refractive index 
difference between the glass and the photoresist, a laser scattering takes place 
at the glass-photoresist interface then worsening the fabrication performances 
of the system. In the DiLL configuration, instead, the objective is directly 
immersed in the photoresist and, because the laser does not cross any 
interface, the system fabrication performances are preserved compared to the 
case of the oil immersion configuration; however this configuration could be 
used only with free-solvent photoresist.  
In this work, because of the gelatin-based photoresist composition (gelatin is 
dissolved in a solvent) the oil immersion configuration was used. 
 
	
Figure 2: Schematic representation of the two Nanoscribe working cofigurations. A) Oil 
immersion configuration. B) DiLL configuration. 
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For the process, gelatin was first heated at 40 °C and then dropped on a 
circular cover glass (30 mm diameter, 0.17 mm thickness) previously washed 
with 2-propanol and dried with nitrogen. To minimize solvent evaporation 
from the photoresist, gelatin was dropped in a closable homemade 
polydimethylsiloxane (PDMS) reservoir carefully placed on the cover glass 
surface (Fig. 3). Gelatin was photo-crosslinked at room temperature (solid 
state) and, as process parameters, output powers ranging from 24 to 60 mW 
and writing-speed ranging from 3000 to 7500 µm/s were used, in dependence 
of the z-writing coordinate inside the photoresist. To minimize the optical 
aberrations caused by the already polymerized gelatin, the structures were 
written in a “Top-Down” sequence (the first layer was the furthest away from 
the substrate). Thanks to the solid state of the resist during the fabrication, 
this writing sequence could be used without recurring to pre-fabricated 
supporting structures. 
After exposure, gelatin was developed in water at 45 °C for 20 min; 
immediately after development, the sample was immersed in water at room 
temperature to prevent the distortions of the structures derived from the 
solvent evaporation. The structures were observed in a water environment 
using a Leica system confocal microscope (Leica Microsystems). 
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Figure 3: Schematic representation of the system used for avoiding the gelatin solvent 
evaporation during the process. A) Frontal view. B) Top view. 
2.2.6 Degradation tests 
Enzymatic degradation of the crosslinked gelatin was carried out using 
collagenase (Sigma Chemical Co.) with an activity of 0.625 U/mg solid. All 
the samples were photopolymerzed under an UV lamp (λ=365 nm) for 4h 
and then treated with the degradation solution. More specifically triplicate 
samples of dry crosslinked disks (2 mm thickness, 1 cm diameter) for each 
time point were weighted (W1) and then well immersed in a 0.020 U/ml and 
80 mg/ml collagenase solution (pH 7.5) and incubated at 37 °C. Degradation 
of the material was stopped at three time points (60, 180, and 360 min), by 
withdrawing the supernatant collagen solution and adding water to eliminate 
all the collagenase residuals. As a control, we treated other samples in the 
same conditions but in absence of the collagenase enzyme. To prevent 
falsified results, after the photopolymerization and before the first 
dehydration step, all the samples were incubated in milliQ water at 40 °C for 
2h; in this way possible weight losses due to non polymerized material were 
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avoided. Weight loss of the disks due to degradation with or without 
collagenase was quantified as follows:  
 
Equation 5       weight loss % = !"-!"!" ×100%  
 
where W2 is the weight of degraded disks at each time point after 
dehydration by means of an incremental series of ethanol solutions (75%, 
85%, 95% and 100%, and 100% again, each step 20 min at room 
temperature) and dried in oven at 45 C for 24 h.  
2.2.7 AFM analysis 
The local elasticity of gelatin was probed with a commercial AFM (JPK 
Instruments, Germany) mounted on the stage of an Axio Observer Z1 
microscope (Carl Zeiss GmbH). Material stiffness was quantified testing 
gelatin parallelepipeds opportunely fabricated on a glass substrate by means 
of the Nanoscribe system; more specifically, the parallelepipeds were 
fabricated with a thickness of 20 µm and an area of 900 µm!. A force 
mapping was obtained by indenting each sample at 64 distinct points 
covering an area of 100 µm!; the substrate stiffness was defined as the 
average of 6 measurements. A statistical analysis was performed using an 
Anova test. We used glass sphere cantilevers with a force constant of 
0.05 N/m (Novascan, USA). Cantilevers were calibrated by measuring the 
free fluctuations when unloaded. To quantify the Young Modulus (E), the 
Hertz model was employed [12].  
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2.3 Results and discussion 
2.3.1 Gelatin modification results  
To obtain a photo-crosslinkable gelatin we adapted the protocol described by 
Billiet et al. [8] to substitute, as schematically represented in Figure 4, part of 
the free amines of lysine, one of the proteins of gelatin, with acrylic 
functionalities. 
	
Figure 4: Synthetic scheme of the gelatin modification. 	
Varying the acrylic acid amount we obtained four different degrees of 
functionalization, which were proportional to the percentage of the 
substituted lysine free amines and that strongly affected the final mechanical 
properties of the polymerized material, as its stiffness increases with the 
functionalization degree. To characterize the acrylamide gelatin, a 1H NMR 
analysis (Fig. 5A) was conducted. The presence of the two peaks relative to 
the acrylamide groups (5.83, 6.25 ppm) indicates the success of the 
substitution reaction. Moreover, the ratio between the integration of this peak 
(5.83 ppm) with that relative to the alkyl side chains (1.2 ppm) provides a 
measurement of the functionalization degree. The relation between the 
functionalization degree and the added reagent amount is represented in Fig. 
5B; optimizing the reaction conditions the highest functionalization degree 
was obtained using 2 equivalents of reagent amount. Differently from the 
work of Billiet et al., to evaluate the substitution reaction here we have 
defined the functionalization degree instead of the substitution degree (DS), a 
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parameter that quantifies the substitution reaction taking into account the 
aminoacid composition of the starting gelatin and the ratio between the two 
previously mentioned 1H NMR peaks. This choice was done just for seek of 
clarity and justified by the fact that we did not analyze the aminoacid 
composition of our gelatin that, because of its derivation (bovine skin) and 
mechanical properties (Bloom number), should possess a composition quite 
similar to that presented by Billiet et al. (that is conform to those presented in 
literature). Moreover, because our purpose was just to use the most 
functionalized gelatin, the reaction with 2 equivalents was the only one 
performed in duplicate. In the two accomplished synthesis the depicted 
degree of functionalization did not significantly varied (0.085,0.083) 
confirming the reproducibility of the process. Using these results with the 
formula reported by Billiet et al. the DS would be 83 and 80%.  
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Figure 5: A) NMR spectrum of the acrylamide gelatin synthetized using 2 equivalent of 
acrylic acid; the highlighted peaks are relative to the presence of the acrylate groups in the 
polymer chain. B) Gelatin functionalization degree vs equivalent used in the reaction. 	
2.3.2 Gelatin fabrication  
In this work we have processed an acrylate gelatin with the Nanoscribe 
system to create 3D structures to be used for cell or tissue engineering. The 
choice of the acrylate gelatin was justified by its reported higher photo-
reactivity and structural properties after the photopolymerization, as 
compared to the methacrylate gelatin [8]. 
Inspired by the pioneering work of Ovsianikov et al. [7], the photosensitive 
gelatin was fabricated with the DLW-2PP technology by dissolving it in a 
suitable solvent and in presence of a photoinitiator. As photoiniator molecule 
we used the Irgacure 369 (Fig. 6A), even though for biological applications 
the more biocompatible Irgacure 2959 is generally preferred [13]; this choice 
was dictated by the laser wavelength of our system (390 nm in the TPA 
region) that, among these two molecules, is absorbed and can activate only 
the Irgacure 369. Because of the low photoinitiator water solubility, we used 
a phosphate buffer (pH of 3.1) as solvent for both gelatin and photoinitiator; 
for the fabrication process we selected the most functionalized gelatin to 
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ensure the best mechanical properties (see previous paragraph). Gelatin was 
prepared at 20% wt/v in phosphate buffer and the photoinitiator was added at 
3% wt of the solid gelatin. 
Moreover, we added to the photosensitive mixture an acrylate azobenzene 
moiety (4% wt) that plays a double role: it participates to the photoreaction 
acting as an additional crosslinker (Fig. 6A) [14] and it gives also the 
possibility to deform the material by means of specific light stimulations (see 
chapter 3). 
In the fabrication context it is important to underline that, because of its 
absorption valley at 390 nm (Fig.6B), the azobenzene molecule can be 
embedded in the photoresist mixture without decreasing significantly the 
photoinitiator absorbed radiation and then the photoreactivity of the material 
[14]. The final goal of the writing parameters optimization is to fabricate 
structurally stable constructs in the shortest time. Basically, the writing 
parameters to tune in our system are slicing and hatching distance, the laser 
power and the scan speed; the dwell time parameter can be ignored in our 
system because of the presence of the galvo scanner.  
The Nanoscribe software offers the possibility to automatically divide a 3D 
CAD file in a series of lines which represent the trajectories that the laser 
should follow to build the final structure; here the user can fix the distance 
between lines in the 3 dimensions (slicing and hatching distance), the 
exposure power and the scanning speed for each line. The laser polymerizes 
successive voxels which, overlapping in the 3 dimensions, compose the final 
structure; to get the structural stability it is then necessary to ensure an 
adequate connection between voxels controlling both their dimension and 
positioning. 
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Figure 6: A) Chemical structures of photoinitiator, gelatin and azobenzene molecules are 
represented and the schematic photopolymerization scheme is reported. B) UV adsorption 
spectrum of the azobenzene molecule. 
 
Voxel dimension is proportional to the exposure dose which results from the 
combination of the laser power and exposure time (reciprocal of scan speed) 
[15]. However the highest achievable voxel dimension is limited; in 
particular over the polymerization threshold (see chapter 1) it could be 
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identified an energetic range called "polymerization range" within a normal 
polymerization is obtained, but over which an incontrollable polymerization 
takes place. Too high exposure doses (overcoming the polymerization range) 
trigger in fact a phenomenon called "laser-induced breakdown", which causes 
the formation of micro-explosions on the material surface that irreversibly 
damage the material and definitely compromise the fabrication process 
[16][17]. More specifically the laser-induced breakdown is a thermal process 
where a plasma is generated consequently to a strong interaction of light with 
the electrons that, in turn, strongly increase their density causing a 
vaporization and atomization of the sample constituents [16].   
The limits over the voxel dimensions then dictate the maximum distance 
allowed to ensure the voxel overlapping. Therefore, to obtain stable 
structures with the fastest process, it is necessary to increase the exposure 
dose, combining the highest powers with the highest scan speeds (lowest 
exposure time) and spacing as much as possible adjacent voxels. 
However, the suitable voxel dimension and, then, the maximum dose, depend 
upon the desired structure resolution: higher is the resolution smaller is the 
allowed voxel dimension.  
To test our capability to fabricate gelatin and to evaluate the role played by 
the azobenzene in the fabrication process, we optimized the writing 
parameters to build the two structures represented in figure 7. 
These two structures were designed to test our capability to fabricate on the 
micrometric scale high resolute (down to 1µm) 3D complex structures, also 
presenting freestanding features (Fig. 7A).  
For both gelatins the optimized parameters were:  
 
- Slicing and hatching distance 0.3 µm 
- Output laser power 24 mW 
- Scan speed 7500 µm/s. 
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Figure 7: Nanoscribe software representation of the two fabricated structures: A) Pillar 
height =7µm, diameter = 3µm; free standing structures width=1µm. B) Woodpile structure, 
beams distance = 5 µm, beam width = 3µm, structure height = 20 µm. 
 
To fabricate gelatin it was necessary to follow a top-down writing sequence 
(from the highest to the lowest z) because of the optical aberration caused by 
the already polymerized material; it was in particular noticed that the 
polymerized gelatin altered the transmitted radiation dose, preventing the 
polymerization of structures higher than 15 µm using a bottom-up writing 
sequence. In our protocol, gelatin was fabricated at room temperature and 
then in its gel state (solid); this condition allowed overcoming the 
shortcomings of the more common liquid resins top-down writing sequences, 
in which the fabrication of supporting anchorage structures is necessary to 
fabricate the final construct. 
Comparing the confocal images of the structures fabricated with the 
optimized parameters, the role of the azobenzene in the fabrication could be 
easily evaluated (fig. 8 C and E, Fig. 8 B and F). As predicted, the 
azobenzene moieties did not change the material polymerization threshold 
and consequently the highest usable dose was the same for both gelatins 
based photoresists. However, because of the molecule crosslinking role, 
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using equal doses, higher crosslinking degree was obtained; as it is evident 
from the images, thanks to the higher crosslinking degree, very complex 3D 
structures faithful to the original CAD design were fabricated.  
 
	
Figure 8: A-B) Top view Nanoscribe software representation of the fabricated structures. 
Confocal images of the gelatin structures fabricated without (C-D) and with (E-F) the 
azobenzene crosslinker. Scale Bars: 5µm. 
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However, for what concerns the parameters optimization, it is fundamental to 
specify that the performances of the DLW-2PP process depend also upon the 
combination of the photoresist composition and the lithography equipment 
specifications and not only on the process parameters [18][19][20]. As a 
consequence, for a fixed photoesist composition, it is then questionable to 
compare the fabrication results of two different systems. The aforementioned 
optimized process parameters are then only relative to our Nanoscribe 
system. 
The mechanical properties of the polymerized azobenzene-doped gelatin 
were evaluated in terms of stiffness of the microstructured material by means 
of an AFM analysis; the measured Young Modulus was of 6.55 ±0.447 kPa, a 
value belonging to a range of interest for several cell phenotypes studies [21]. 
Analyzing the mechanical properties of the non-doped gelatin, a Young 
Modulus of 2.7 ±0.754 kPa was measured, further confirming the role of the 
azobenzene in the modulation of the material mechanical properties. 
Moreover, as it will be shown in the experiments reported in the following 
chapters, the polymerized gelatin did not show particular cytotoxic effects on 
cultured cells.  
2.3.3 Degradation 
A fundamental property of cellular scaffolds, especially in tissue engineering 
applications, is the capability to undergo enzymatic degradation in the 
physiological environment [22].  
To investigate if the azobenzene molecule inhibited the typical enzymatic 
degradability of gelatin, macroscopic material samples were incubated in a 
PBS collagenase solution with an activity of 0.020 U/ml at 37 °C. The rate of 
enzymatic degradation in vitro was evaluated with the gravimetric method 
(Fig. 9). After 6 h of incubation, gelatin samples lost about 85% of their 
	 50	
original weight. The loss weight of the control (gelatin incubated in the 
collagenase-free solution) are ascribable to measurements errors related to 
the very small quantity of gelatin (≈13 mg) used to perform the test; however 
our results indicate that the material preserve its degradability.  	
	
Figure 9: Weight loss curves of the enzymatic degradation of the acrylate gelatin.  
2.4 Conclusions and future perspectives 
An acrylate gelatin was synthetized and fabricated on the microscale with a 
3D lithography system. The photosensitive mixture was adapted to the 
Nanoscribe system and an optimization of the writing parameters was 
performed.  
To address the typical gelatin DLW-2PP fabrication issues, such as the low 
mechanical properties or the low resolutions, an azobenzene-based 
crosslinker was added to the photosensitive mixture in order to increase the 
crosslinking degree of the material without changing its photoreactivity; 
thanks to this addition, evident structural improvements were obtained, 
allowing the fabrication of complex and stable 3D structures on a 
dimensional scale potentially interesting for several cell engineering 
applications (down also to 1µm). 
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Despite the addition of the azobenzene functionality, the polymerized 
material showed interesting mechanical properties and preserved its 
enzymatic degradability, a fundamental characteristic for tissue engineering 
applications. 
To match the characteristics of the laser wavelength, as photoinitiator it was 
used the Irgacure 369 and consequently an acid substance was employed as 
solvent. This composition did not compromise material biocompatibility. Of 
course in case of more sensitive applications such as, for example, the 
fabrication of cell-laden constructs, the biocompatibility should be 
reassessed. A possible alternative strategy could be the use of crosslinking 
thiolen-based reactions or other water soluble and more biocompatible 
photoinitiators with an appropriate TPA [23], in order to preserve the 
resolution standards obtained.  
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CHAPTER 3 
Gelatin based 3D photo-actuators for confinement and 
deformation of cells  
3.1 Introduction 
Cell behavior is determined by chemical, mechanical and topographic signals 
provided by the cell-surrounding microenvironment. 
Mechanical signals which can be either associated to the mechanical 
properties of the aforementioned microenvironment [1] or to the forces 
directly applied on cells	 [2], are fundamental in the regulation of many cell 
functions and in the progress of several physiological and pathological 
processes. Hypertension, osteoporosis, atherosclerosis and some forms of 
cancer are only a few examples of diseases related to the alteration of cell-
environment mechanical interactions [3][4][5].  	
Cells convert mechanical stimuli into biochemical information through a 
mechano-transduction process. Indeed, mechanical stimuli are transmitted 
through the cytoskeleton force-bearing elements from the adhesion 
complexes to mechanosensitive macromolecules that, once stressed, change 
their functions and impact cellular behavior [3][6]. For example, the 
mechanical force transmission can lead to the deformation of the cell nucleus 
activating molecular pathways which regulate important cells functions such 
as the differentiation [7]. Moreover, mechano-transduction can result in the 
induction of different cell behaviors, depending on the temporal and spatial 
dynamics of the mechanical stimuli perceived [8][9][10][11][12], a process 
not yet fully understood from a functional point of view [3].
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To fill this gap of knowledge, it would be highly desirable to develop 
platforms enabling the fine tuning of the mechanical signals and an easy 
detection of the induced changes of cell behavior.  
The development of new microfabrication techniques and the advancements 
in the material science have significantly fostered research in this direction 
[13][14][15]. Among all the approaches, the employment of biocompatible 
responsive-materials, systems able to change their properties in response to 
specific stimuli, has offered the most adequate solutions [16][17][18]. 
Nowadays, platforms with chemical-tunable properties are the most advanced 
[19], but only few examples of biomaterials with mechanical [20][21] or 
topographic-tunable [22] features are present in the literature. In these two 
latter cases, a complete control of the properties, especially for what concerns 
their variation in time (e.g. frequency or rate), still remains a critical issue to 
address.  
An important factor to take into account in the design of stimuli-responsive 
systems is the stimuli source to employ. The ideal source should be finely 
tunable in time and space to precisely control the material properties, and 
should operate without changing the environmental parameters that could 
alter cell-scaffold interactions. Among all the stimuli used so far, light, lasers 
and magnetic fields are those with best performances [23][20]. 
Here, we have contributed to this research area by developing a platform to 
selectively deform the nuclei of living cells. This goal has been achieved 
introducing photo-deformable gelatin microstructures, fabricated with the 
Nanoscribe system, and opportunely designed to position cells through 
specific topographic signals; more specifically we have fabricated patterned 
3D instructive microstructures which, irradiated with an adequate light 
source, undergo a deformation which directly stresses the cells.   
The material photo-deformability was achieved thanks to the light-sensitivity 
of the azobenzene molecules introduced in the gelatin-based photoresist (see 
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Chapter 2) [24][25]. As stimuli source to induce the deformations, the laser 
of a confocal microscope was employed; this setup allowed to observe in real 
time cell reactions in a cell-friendly environment. 
3.2 Materials and Methods 
3.2.1 Cell cultures (NIH-3T3) 
NIH−3T3 fibroblasts were cultured in low glucose DMEM and incubated at 
37°C in a humidified atmosphere of 95% air and 5% CO2. Prior to cell 
seeding, substrates were sterilized in Pennicillin-Streptomycin solution in 
PBS (Phosphate Buffered Saline) (1:2 v:v) for 4 h. On each sample, a number 
of cells varying from 40,000 to 80,000 were seeded and left to adhere 
overnight in the incubator, set at the temperature indicated above. The day 
after, cells were treated with vital Cell Tracker Deep Red (1:1000 in cell 
culture medium without FBS) for 30 minutes in the incubator and then the 
nuclei were stained with HOECHST (100 µl of a solution 1:10000 v:v in the 
culture medium). (Invitrogen) for the actin filament and nucleus live staining, 
respectively. Cells were, then, fixed with 4% paraformaldehyde for 20 min. 
3.2.2 Cell cultures (HUVECs) 
Human umbilical vein endothelial cells (HUVECs) were purchased from 
LONZA. Cells were cultured in gelatin-coated flasks in an incubator at 37 °C 
and humidified atmosphere with 5% of CO2. Cell medium M200 
supplemented with LSGS Kit (fetal bovine serum 2% v/v, hydrocortisone 1 
µg/ml, human epidermal growth factor 10 ng/ml, basic fibroblast growth 
factor 3 ng/ml, heparin 10 µg/ml) was used. Prior to cell seeding, substrates 
were sterilized in Pennicillin-Streptomycin solution in PBS (Phosphate 
Buffered Saline) (1:2 v:v) for 4 h. On each sample a number of cells of 
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80,000 were seeded and left adhering overnight in the incubator. After the 
overnight cells were stained with vital CellTracker Deep Red and observed 
with the confocal microscope (Leica Microsystems, Germany). 
3.2.3 Staining protocol 
After fixation, cells were permeabilized with 0.1% Triton X−100 in PBS for 
3 min. Actin filaments were stained with rhodamin−phalloidin. Samples were 
incubated for 30 min at room temperature in the phalloidin solution (dilution 
1:200). Finally, cells were incubated for 15 min at 37°C in HOECHST 
solution (dilution 1:200) to stain cells nuclei. A TCS SP5 multiphoton 
microscope (Leica Microsystems) was used to collect fluorescent images of 
cells. 
3.2.4 Confocal stimulation 
A multiphoton (MP) confocal microscope (Leica Microsystems, Germany) 
was used to photo-actuate the 3D structures. The azobenzene isomerization 
and the consequent structure deformation were activated by using an MP 
laser, tuned at 700 and 840 nm wavelength (TPA wavelength 350 and 420 
nm respectively). The structures were immersed in water and photo-
stimulated by controlling the laser beam focusing and position; the exposed 
area was determined through the region−of−interest (ROI) editor of the 
microscope software. The deformation of the structures was live monitored 
and recorded via software, by time-lapse function.  
3.2.5 AFM analysis 
The AFM analysis was performed to evaluate Young Modulus (E) variations 
of the gelatin after the photo-stimulation; each measurement was performed 
as described in the materials and methods section of the chapter 2 (paragraph 
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2.2.6). Gelatin stiffness was first measured before the stimulation; after the 
stimulation the variation of E was monitored after 15 min, successively every 
h for 4 h, and reevaluated after an overnight interval (24 h). 
3.2.6 3D lithography process 
The microstructures presented here were fabricated by means of our 3D 
lithography system (Nanoscribe Professional GT (GmbH)) following the 
same procedure described in the chapter 2 (paragraph 2.2.4).  
3.3 Results and Discussion 
The aim of this work has been to build up a system which potentially allows 
studying the reaction of cells in response to mechanical forces. To this end, 
we have transferred the concept of photo-actuation to the CIMs. More 
specifically, adding azobenzene functionalities to a photo-crosslinkable 
gelatin, we have fabricated a microstructured instructive and photo-actuable 
platform capable to confine and selectively stress cells by using the 
Nanoscribe system.   
Basically, the aforementioned platform is constituted by an array of micro-
patterned gelatin parallelepipeds (Fig.1) that, through a topographic signal, 
confine cells between their lateral walls. Once cells are confined, the 
surrounding structures are selectively photo-deformed and, by expanding, act 
like a press that stresses and deforms cells.	 
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Figure 1: Nanoscribe software representation of the parallelepipeds array. Parallelepipeds 
dimensions = 30x30x10 µm (xyz); distance wall-to-wall = 10 µm. 
  
As a light source we have employed the laser of a confocal microscope. This 
choice has allowed stressing living cells and simultaneously observes their 
reactions in real time; moreover, thanks to the ROI editor of the microscope 
software, it has been possible to control with high accuracy (micrometric 
precision) the stimulus in space (Fig.2).  
In the first part of this section, the photo-actuation experiments are discussed, 
while in the second and third part cells confinement and deformation results 
are respectively showed. 
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Figure 2: Screenshot of the ROI editor of the confocal microscope; the colored squares 
represent the region to expose with a specific radiation. 
3.3.1 Stimulation results 
Light-deformable materials have shown great potentialities in various 
scientific and technological fields and provide cutting edge solutions in 
material science research.  
Nowadays, among all the light-sensitive materials, the azobenzene-based 
ones represent the gold standard [24]. Azobenzene are extremely versatile 
moieties which can be directly polymerized, embedded in polymeric matrices 
or processed to form liquid crystal elastomers (LCEs) [26]; furthermore, 
differently from the other developed light-sensitive materials, only with the 
azobenzene-based ones a reversible deformation can be obtained. The photo-
deformation of azobenzene-based materials is basically driven by the 
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reversible isomerization of the azobenzene molecules triggered by the 
interaction with light. 
In this work, in order to develop a photo-deformable platform for cells 
deformation, an in-house synthetized azobenzene (Fig.3) molecule was added 
to an acrylate photo-crosslinkable gelatin (for materials and methods 
information, see paragraph 2.2.3).  
First, the azo-molecule isomerization behavior was studied by UV-Vis 
spectroscopy. The isomerization mechanism of azobenzene molecules in 
solution can be monitored by UV-Vis spectroscopy, thanks to the fact that 
each isomer presents a characteristic absorption spectrum [27].  
Azobenzene undergoes a trans-cis isomerization when irradiated with a UV 
light (365 nm) and a cis-trans back isomerization when illuminated with blue 
light (420 nm) (Fig. 3). Moreover, the isomerization rate is strongly 
influenced by the type of light source employed. Because of the higher 
thermodynamic stability of the trans isomer, the cis-trans isomerization could 
take place also spontaneously; to characterize this behavior the sample was 
left in a dark environment at room temperature and its UV spectrum 
monitored. In these conditions a complete cis-trans back isomerization was 
observed after 3 days. 
Once identified the isomerization wavelengths, the photo-deformation 
process of gelatin microstructures was studied. To this end gelatin 
parallelepipeds (square section of 900 µm!, thickness of 10 µm) fabricated 
with the Nanoscribe on a glass substrate were tested. 
The multiphoton laser of a confocal microscope was employed as stimulus. 
Then, the microscope was used as stimuli source and as a tool to observe, 
record and evaluate in real time the micro-deformations. With this system, it 
was also possible, by opportunely tuning the microscope control settings, to 
spatio-temporally modulate the stimulus with extreme accuracy. All the 
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stimulation experiments were conducted under water immersion of the 
samples.  
 
	
Figure 3 UV-Vis spectrum of the azobenzene dissolved in dimethylformamide (DMF). 
Studying the spectrum after different sample light exposures, the molecule isomerization can 
be evaluated. In the legend the exposure time (ti), the type of illumination (UV or blue light) 
and the light source (UV=desk lamp, UV and blue 10x= mercury lamp focalized with a 10x 
objective) are reported for each curve.  
 
Exposing the structures to a 700 nm laser (voxel wavelength 350 nm) with 
the output power fixed at 13 ±0.5 mW, an expansion rate of approximately 
0.3µm/min was recorded, leading to deformation values up to ≈10% (Fig.4). 
Using power higher than 15±0.5 mW the material was instead irreversibly 
damaged. 
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Figure 4: Confocal bright field images of the gelatin parallelepipeds before (Fig. A) and 
after (Fig. B) the photo-actuation. Scale bars: 5µm. 
 
As a negative control, we performed the same experiment tuning the laser at 
780 nm, a wavelength at which the azobenzene presents a light absorption 
valley (Fig. 3), and fixing the output power at 13 mW. In these conditions no 
deformations were observed, confirming the role of the azobenzene in the 
process. 
Once obtained the trans-cis driven photo-deformation, the back cis-trans 
isomerization was tested tuning the laser at 840 nm (voxel wavelength 420 
nm); surprisingly no shape recovery was observed.  
Structures were then left in a dark environment and monitored for 1 week 
and, also in this case, no shape recovery was observed. The missing of 
spontaneous and light-driven back isomerizations may be due to local 
relaxation of the polymer chain, as we will explain later in the chapter.  
The photo-deformation of the azobenzene-based hydrogels has been analyzed 
only in few studies but the mechanisms involved in this process are not 
completely clear, even though it was demonstrated that the mechanical 
properties of the polymer strongly affect the photo-deformation process [28] 
[29]. 
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Here, we have tried to elucidate the role played by the polymer chains by 
monitoring with an AFM the effects of the stimulation on the material 
stiffness. The collected data indicate the occurrence of a change of the 
material stiffness over time (Fig.5 and Table 1) that could be divided in 3 
principal phases.  
The first phase (from t0 to t1) is developed in approximately 15 min after the 
photo-stimulation: during this period E decreases, changing its value from 
≈6.5 to ≈3.9 kPa. In our opinion this behavior is directly attributable to the 
azobenzene molecules that, undergoing to a trans-cis isomerization, increase 
the material hydrophilicity [30]; the increase of hydrophilicity, in turn, 
(because the structures are immersed in water) causes an increase of the 
swelling and a consequent reduction of the material stiffness. 
In the second phase (from t1 to t3), E increases and reaches its maximum 
about 2 h after the stimulation, passing from ≈3.9 to ≈9.6 kPa. The trans-cis 
isomerization causes a bending of the azobenzene molecules moving gelatin 
chains closer and then leading to an increase in the number of polymer 
entanglements, which, in turn, causes an augmentation of E [28]. 
During the third phase (from t3 to t6) another significant decrease of E takes 
place; we associate this behavior to the relaxation and to the spatial 
reconfiguration of the polymer chains consequent to the stiffening of the 
previous phase. The extremely high variance observed in t5 describes a 
spatial inhomogeneity of the material mechanical properties, probably 
associated to the transient nature of the relaxation phenomenon. 
After 24 h from the photo-stimulation (t6), E reaches again its original value 
decreasing the variance, but a shape recovery is not yet observed. We 
associate the lack of shape recovery to a viscous and non-reversible 
deformation that limits the possibility to cyclically deform the structures. To 
overcome this problem, we are currently trying to reduce the material viscous 
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component with the introduction of more elastic azobenzene based 
crosslinkers, which allow increasing the range of reversible deformations.  
In parallel, to further investigate on the mechanisms involved in the 
photoactuation, we are developing an experimental protocol to correlate the 
isomerization state of the molecules with the material deformation. More in 
detail, we are trying to follow the isomerization-related fluorescence 
emission variations of the azobenzene, during and after the photoactuation 
process. 
 
Figure 7: Evolution of the material Young modulus before (t0) and after (from t1 to t6) the 
photo-actuation. t1= 0.25h, t2=1h, t3=2h, t4=3h, t5=4h, t6=24h. The asterisks in the graph 
represent the statistical significance between groups: "*" means significant difference 
(p<0.05), "**" means highly significant difference (p<0.01). 
Table 1: Reported data are referred to the Figure 5. E is the Young modulus and σ the 
variance. 
 E (kPa) σ (kPa) 
t0 (b.s.) 6.55 0.447 
t1 (0.25 h a.s.) 3.89 0.604 
t2 (1 h a.s.) 5.71 0.389 
t3 (2h a.s.) 9.62 0.944 
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t4 (3h a.s.) 8.69 0.975 
t5 (4h a.s.) 6.65 3.100 
t6 (24 h a.s.) 7.36 0.60 
 
b.s.= before stimulation 
a.s.= after stimulation  
3.3.2 Cells Confinement  
The capability to selectively deform cells by means of the afore-described 
photo-actuable platform depends upon the control over cell positioning in 
space. In the strategy adopted in this work, cells were positioned and 
confined between adjacent blocks, which compress cells upon photo-
expansion. 
To obtain the cell confinement we have used the well known contact 
guidance, phenomenon for which nano- or micro-patterns (topological and/or 
chemical) influence the cell orientation and morphology 
[31][32][33][34][35].   
More in details, following a strategy similar to that described by Annabi et al. 
[36], we produced with the Nanoscribe a network of interconnected 10X10 
µm channels, fabricating an array of acrylate gelatin parallelepipeds directly 
attached on a glass substrate (figure 1).  
Additionally, we used our 3D lithography system to enhance the platform 
confinement efficiency then increasing the percentage of confined cells that, 
in the work of Annabi et al. [36] reached values of ≅54%. To this end we 
patterned the lateral walls of the gelatin microstructures with a linear 
topography composed by 3µm pitch gratings with a square section of 1 µm2 
(Fig. 6A). The pattern size was not optimized, but it was chosen starting from 
literature data that have highlighted the capability of micrometric linear 
topographies to align fibroblasts [37]. 
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To evaluate the influence of the lateral micro-topography on the cell 
positioning, NIH-3T3 cells were used as model and seeded with a density of 
140 cells/mm2. Comparing the acquired confocal images (figures 6C and 6D) 
it is easy to observe that the cells seeded on the µpatterned structures (Fig. 
6C), contrary to those seeded on the flat ones (Fig. 6D), are systematically 
confined between adjacent blocks. From figure 6D it seems that the weak 
tendency of cells to be confined between adjacent blocks (comparable with 
that reported in literature) is strongly enhanced by the presence of the linear 
topography on the lateral gelatin surfaces. 
It is also noteworthy that with this approach a notable cell confinement is 
obtained without recurring to any additional chemical functionalization step. 
In many platforms designed to precisely shape cells, in fact, it is common to 
introduce patterns of cell-adhesive chemical moieties (cell adhesive islands) 
opportunely positioned on cell-repellent surfaces [38][35].  
	
Figure 6: Nanoscribe software representation of the patterned (A) and flat (B) gelatin 
parallelepipeds. In figures C and D confocal images of living NIH 3T3 stained with the vital 
Cell Tracker Deep Red and seeded on the patterned (C) and flat (D) structures are reported. 
Scale bars: 50µm.  
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The strong influence on the cell adhesion of this topographic signal is further 
highlighted by the images of the fixed cells (Fig.7A-C); the confined cells 
tend in fact to follow the lateral micropattern surrounding many 
parallelepipeds and, at the same time, assuming very intricate shapes which 
are associated with a strong alignment and stretching of the cytoskeleton 
actin fibers in different directions. From the acquired z stacks it was observed 
that cells did not reach heights greater than 10 µm (height of the 
parallelepipeds) preferring to maximize the contact with the gelatin lateral 
walls.  
	
Figure 7: Confocal images of fixed NIH-3T3 seeded on the patterned structures. Scale bars: 
10 µm. 
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To further investigate a more general validity of the lateral topographic 
pattern on the cell confinement we tested a different cell line (HUVEC). As it 
is clear from the images (Fig. 8 A-D), also these cells were systematically 
confined between adjacent blocks. 
 
	
Figure 8: Confocal images of living HUVEC stained with the vital Cell Tracker Deep Red 
seeded on patterned structures. Scale bars: 10 µm. 
3.3.3 Cell Deformation 
Once confined, the living cells of Fig. 6C (stained with the vital CellTracker 
Dip Red) were mechanically and selectively stimulated by photoactuating 
their surrounding structures. In these experiments structures were exposed for 
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10 min to a 13 mW multiphoton laser tuned at 700 nm (voxel wavelength 350 
nm). The microscope ROI editor prevents undesired effects of UV exposure 
on living cells by allowing a very accurate light targeting on the regions to be 
deformed.  
Once stimulated, the expansion of the structures could cause the deformation 
of the cell nucleus (Fig. 9). By analyzing the images, a structure deformation 
smaller than that registered in the stimulation studies has been observed 
(≈6.8% instead of ≈10%, see paragraph 3.3.1), even though the same 
parameters have been used. This result is due to the presence of cells, which 
limit structure expansion. 
	
Figure 9: Confocal images of the structures and living cells (NIH-3T3) before (A and C) and 
after (B and D) the photo-actuation. Scale bars:10 µm. 
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To systematically study cell reactions to specific mechanical stimuli it is 
necessary to work on a single cell level to eliminate all the uncontrolled 
signals provided by the interaction with the surrounding cells. In this case, 
cell isolation has been obtained by simply decreasing cell seeding density 
from 140 to 70 cells/mm! (Fig.9 A and C).  
To evaluate the deformation of living cells a staining treatment with the vital 
CellTracker Deep Red and with the Hoechst 33342 was performed, to 
respectively observe during the stimulation the cell body and its nucleus. The 
photo-stimulation was performed with the same parameters mentioned above 
and cells were then compressed.  
By comparing cell shape before and after the stimulation (Fig.10 A-B and C-
D) a decrease of the nucleus area was observed and quantified with ImageJ. 
From the collected data, a range of deformations between 5 and 13% was 
registered. The variability of these results is basically due to the cells 
positioning variability among the gelatin structures (Fig. A and C). Indeed, 
cells may receive different stimulations by the same structure deformation as 
a consequence of the different mechanical force they will perceive. To 
enhance the deformation reproducibility it is fundamental to decrease the 
cell-positioning variability, which could be dependent from the channel 
dimensions. More in details we think that a reduction of the channel width 
represent the key to achieve this goal, and actually we are working on the 
optimization of this parameter. 
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Figure 10: Confocal images of the living cells (NIH-3T3) before (A and C) and after(B and 
D) the stimulation. Scale bars: 10 µm. 
3.4 Conclusion and future perspectives 
In this work we have combined the photo-actuation with the contact guidance 
concept to develop a smart micro-platform able to mechanically stimulate 
cells down to the single-cell level. To this end we have added an azobenzene 
molecule to an acrylate photo-crosslinkable gelatin, to fabricate for the first 
time 3D photo-deformable gelatin microstructures designed to direct apply 
forces on cells.  
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Combining the light-sensitivity of the aforementioned gelatin with our 
capability to micro-fabricate it by means of the 3D lithography, we have built 
up an instructive platform to deform the nuclei of living cells. More 
specifically cells have been confined between adjacent structures, either on 
multiple or single level, and compressed. In our application, moreover, 
employing a confocal microscope as light source, we have shown the 
possibility to select the single cell to deform.  
For cellular confinement we have introduced a linear topography in the z-
direction by means of the 3D lithography; the results evidenced that our 
approach strongly influence the cell positioning without recurring to 
complicate fabrication of functionalization steps, paving the way for the 
development of more complex and efficient cell confinement platforms. 
With our positioning method we have precisely controlled the localization of 
cells between lateral walls. In this way cells could be compressed by photo-
stimulating adjacent expanding µstructures . Further characterization of the 
photo-deformation and of its cyclical changes are under investigation.  
Despite to the fact that the platform proposed here can be significantly 
improved in terms of material properties, it is worth noticing that this is the 
first example of 3D light-actuator µscaffold which can be a valuable tool for 
studying and guiding the cell mechano-transduction process. 
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CHAPTER 4 
Gelatin building blocks for tissue engineering 
applications 
4.1 Introduction 
The aim of tissue engineering is to develop functional 3D constructs that 
could be implanted in vivo to replace or restore damaged tissues. Once 
implanted, the constructs provide instructive signals that regulate cell 
functions and behavior required for tissue regeneration; moreover, the ideal 
functional platform should work as a support for cells, allowing the diffusion 
of the necessary nutrients and metabolites and then recreating the complex in 
vivo environmental conditions necessary for tissue development [1][2]. 
In this context, nowadays there are two main strategies for the platforms 
production: the top-down and the bottom-up approach. In the top-down 
approach, cells are basically seeded on a scaffold that acts as a temporary 
template for tissue growth and reorganization. The drawbacks of this 
approach basically derive from the necessity to control on the microscopic 
scale the properties of a macroscopic system (area of several !"!) fabricated 
with a one-step process: the inability to achieve suitable environmental 
conditions for cell viability in 3D thick constructs, to accurately reproduce 
the native tissue architecture and to regulate the cell density are the main 
limitations of this approach [3]. 
The bottom up approach is based on the observation for which natural tissues 
are composed by repeating units with specific micro-architectures and 
physical and chemical properties that are tissue-dependent; the repeating 
units (or building blocks) are separately reproduced and then assembled to 
form the native tissue [4][5][6]. With this method it is theoretically possible 
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to easier control the construct microscopic features over a broader size range, 
then overcoming the top-down approach limitations; the development of 
suitable methodologies for the building blocks assembly actually represents 
the major challenge and, even though many different strategies have been 
already presented and important progresses have been done, the complete 
control over this step has not been achieved yet [5][7][8].  
In the reproduction of the living tissues another factor to take into account is 
the cell alignment, which, in turn, could play a major role in the regulation of 
several cell functions and in the consequent determination of many tissue 
properties, such as, for example, the mechanical anisotropy [9]. The 
formation of highly anisotropic tissues has been obtained by seeding cells on 
instructive hydrogel fibers [10]; among the many fiber fabrication methods, 
the microfluidic approach has allowed fabricating the most engineered 
structures in terms of composition, morphology and cell instructive signals 
[9][11][12][13]; however, the employment of these types of structures in the 
bottom-up approach is currently limited to the creation of only pseudo-3D 
tissues [7]. 
Reasonably, an intelligent approach to overcome the fiber-related limitations 
can consist in the fabrication of instructive µscaffolds (building blocks) that 
promote the alignment of cells for the formation of oriented µtissues and that, 
once assembled, allow forming oriented macrotissues still preserving the 
aforementioned advantages of the bottom-up approach.  
In this work we have fabricated and tested 3D patterned gelatin-based 
instructive building blocks for the cell alignment on the bottom up-approach 
scale. Because of the difficulties in the 3D processing of gelatin, we first 
optimized the DLW-2PP process as a rapid prototyping technique to test the 
efficiency of the topographic pattern guidance. 
Moreover, we have started to build up a microfluidic platform for the 
massive production of tubular patterned gelatin µscaffolds. To this end we 
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have first combined the droplet microfluidic with the gel spinning 
microfluidic to isolate gelatin emulsions. Briefly, droplet microfluidic is 
based on the fluid-dynamic interactions between immiscible fluids to produce 
size-controlled emulsions [14]; in gel spinning microfluidic devices gelatin is 
fluxed at high temperature in µchannels and cooled at the device exit to 
freeze instantaneously its shape (avoiding the die swell effect) continuously 
producing gelatin microfibers [15]. Then, in order to transfer the topography 
on the gelatin droplet surface, we have performed an in-situ 3D lithography 
processes aimed at embedding directly in the device microstructures acting as 
an extrusion micro-head. 
4.2 Materials and methods 
4.2.1 Cell culture  
To seed cells into the plugs, Human dermal fibroblasts (neonatal HDF 106-
05n ECACC) were sub-cultured onto 25 mm Petri dishes in culture medium 
(Eagle’s BSS Minimum Essential Medium containing 20% fetal bovine 
serum, 100 mg/ml L-glutamine, 100 U/ml penicillin/strep- tomycin, and 0.1 
mM Non Essential Amino Acids). Cells were maintained at 37 °C in 
humidified atmosphere containing 5% CO2. HDF of passages 6-12 were used 
for all experiments. Before using plugs, they were sterilized by absolute 
ethanol immersion for 24 h. After that, in order to remove ethanol 
completely, several washings in calcium-free and magnesium-free phosphate-
buffered saline (PBS) were performed. Before cell seeding, PBS was 
removed and replaced with the culture medium. The Petri dish was shaken 
onto an orbital shaker and loaded with 20 cells per plug. Culture suspension 
was stirred intermittently at 30 rpm (5 min stirring and 30 min static 
incubation) for the first 6 h post-inoculation for cell adhesion, and then 
continuously agitated at 30 rpm. The growth medium was replenished on the 
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first day and every 2 days until the end of experiments (7, 17 and 24 days in 
total).  
4.2.2 Cell Imaging  
Over the entire dynamic cell culture period, 1 ml aliquots were collected at 
days 7, 17 and 24 for cell viability as well as for ECM morphology 
characterization, during human dermal µtissue precursor (HD-µTP) 
formation and evolution. To this aim samples were investigated by a semi-
motorized fluorescence microscope (Olympus BX-53) and by Confocal Leica 
TCS SP5 II equipped with a Multiphoton laser. Cell viability, proliferation 
and morphology in the HD-µTPs were assessed by staining the samples with 
phalloidin tetramethylrhodamine B isothiocyanate (SigmaeAldrich) and 
SYTOX Green (INVI- TROGEN), the former stains the cell’s cytoskeleton 
the latter cell’s nucleic acid. For both analyses, the HD-µTPs were fixed with 
4% paraformaldehyde for 20 min at room temperature, rinsed twice with PBS 
buffer, and incubated with PBS-BSA 0.5% to block unspecific binding. For 
actin microfilaments and nucleus detections, after fixation, samples were 
stained with phalloidin tetramethylrhodamine B iso-thiocyanate (phalloidin) 
and SYTOX Green respectively. In particular, samples were incubated with 
SYTOX Green stock solution (10 mg/ml in dimethyl sulfoxide) diluted in 
PBS (1/500 v/v) for 10 min at 37 °C, and after rinsing in PBS, they were 
stained with phalloidin for 30 min at room temperature. Moreover, two-
photon excited fluorescence was used at 840 nm to induce second harmonic 
generation (SHG) and obtain high-resolution images of unstained collagen 
structures in the ECM of the HD-µTPs.  
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4.2.3 Microfluidic Device Fabrication 
In this chapter two microfluidic chips were used and fabricated: the first 
consisted in a simple straight channel that was used for the production of 
gelatin fiber, while the second device was a T-junction designed for gelatin 
emulsion production. However, the two chips were fabricated following the 
same flow-process: 
- 2D lithography 
- Silicon dry etching 
- Replica molding 
- Bonding 
2D	lithography: 
For the 2D lithography process we used a mask-less 2D lithography system 
(Heidelberg DLW-66FS) equipped with a Diode Laser, 405nm, 100mW. The 
positive tone photoresist AZ-4533 ECI-3012 (Microchemicals GmbH) was 
first spin-coated on a two inch silicon wafer at 1500 rpm for 40 s; the spin-
coater employed was the WS-650 Series (Laurell Technologies Corporation, 
USA). With these parameters the measured photoresist thickness was 2.5 µm; 
the thickness was measured with a contact profilometer (Dektak Veeco 150). 
After the spin coating step, the resist was first soft-baked at 90 °C for 90 s 
and then exposed with the 2D laser system; the laser power was set to 2.1 
mW and the channel area was exposed. Successively, a post exposure bake at 
110 °C for 90 s was performed and the sample was then developed in a 4:1 
water-developer solution for 60 s, rinsed with water and dried with nitrogen; 
as developer we used the AZ 351-B (Microchemicals GmbH).  
 
Silicon Dry etching: 
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The patterned sample was etched with the inductively coupled plasma-
reactive ion etching technology (ICP-RIE); the system used here was the 
PlasmaPro 100 Cobra (OXFORD Instruments). 
The sample was fixed on an 8 inches silica wafer by means of high vacuum 
grease and etched with a Bosh process to obtain vertical walls [16]. 
After the dry etching, the sample was immersed in acetone for the photoresist 
stripping, rinsed with 2-propanol and dried with nitrogen. To characterize the 
etching results the sample was analyzed by SEM (FESEM ULTRAPLUS 
ZEISS) (Fig.1). 
 
	
Figure1: SEM images of the silicon master of the T-junction device fabricated with the Bosh 
process. Scale bars from A to C: 20 µm. Scale bar of image D: 200 µm. 
 
Replica molding: 
The final PDMS chip was obtained with a double replica molding procedure. 
The PDMS pre-polymer (Sylgard 184) was mixed with the cure agent 
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(mixing ratio 10:1 wt) and degassed to prevent undesired gas bubble 
entrapping during the curing step. The uncured polymer was then poured on 
the silicon master; its thickness was controlled with a polymerized PDMS 
cell (thickness 5 mm). The PDMS was then polymerized transferring the 
sample in an oven at 100 °C for 2 h. After curing the PDMS was manually 
peeled off from the silicon master. 
The first PDMS replica was then used as a master for a second replica; to this 
end it was necessary to silanize the PDMS master to prevent the irreversible 
adhesion of the second replica. The PDMS master was immersed for 3 min in 
a silanizing solution (95% of water, 3% of 2-propanol, 1% acetic acid and 
1% Fluorolink S10 from Acota) and then heated in the oven for 1 h at 120 
°C; after this treatment the sample was sonicated in ethanol for 15 min to 
remove the silanization solution residuals.  
After the silanization step, the first replica was then used as a master and 
another PDMS replica molding was carried out following the procedure 
previously described. The second replica was cut manually in order to obtain 
a channel in direct communication with the external ambient.  
 
Bonding: 
After the replica molding the PDMS chip was bonded to a second substrate 
with an oxygen plasma treatment.  
The chip designed for the gel spinning process was directly bonded on the 
Nanoscribe 170 µm thick glass. The chip produced for the plug fabrication 
was instead bonded on another PDMS surface to obtain the wettability 
homogeneity required for the droplet generation process; to this end uncured 
PDMS (10:1 wt prepolymer:curing agent) was spin-coated on the Nanoscribe 
170 µm thick glass for 3 min at 6000 rpm and then cured in the oven for 2 h 
at 100 °C. The PDMS film thickness was evaluated with the profilometer (the 
same used for the photoresist) and a thickness of 4 µm was measured. 
	 87	
The plasma treatment process was the same for both the devices: surfaces 
were exposed to oxygen plasma (diener electronic) for 1 min and then put in 
contact for bonding.  
4.2.4 In-chip fabrication lithography  
To insert the extrusion micro-head, a 3D lithography process was directly 
performed on the bonded chip.  
Because of the necessity to write in a bonded chip, the oil-immersion writing 
configuration was used (chapter 2, paragraph 2.2.4). For the lithography 
process we used the IP-L 780, a negative-tone photoresist specifically 
optimized for the oil-immersion configuration by Nanoscribe.  
The photoresist was manually fluxed in the bonded chip channel with a 
plastic syringe; once filled with the photoresist, the sample was mounted on 
the Nanoscribe sample holder and inserted in the system piezo-stage. The 
process configuration is schematically represented in figure.2. Before the 
exposure, the lithography system was aligned with the channel to ensure a 
suitable structure positioning and orientation; more specifically, using the 
microscope camera of the system, the x-y piezo-coordinates were rotated for 
matching with those of the channel. 
For the development the mr-Dev 600 developer (micro resist technology 
GmbH) was fluxed in the chip to ensure the complete removal of the non-
exposed photoresist; the development was conducted at room temperature for 
16 min. After the development the sample was washed with 2-propanol and 
gently dried with nitrogen to remove all the chemical residuals. 
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Figure 2: Schematic representation of the in-chip fabrication configuration.	
4.2.5 Microfluidic setup 
Gelatin A (porcine skin) was prepared dissolving it at 10% wt/v in Milli-Q 
water at 40 °C for 12 h. Gelatin was then placed in a 2 mL glass syringe and 
fluxed at 45 °C in the device; a silicon tube was used to connect the syringe 
with the device. The flow-rate was precisely controlled with the neMESYS 
syringe pump. To control the gelatin temperature, a flexible heater 
(BRAINTREE SCIENTIFIC Inc.) was mounted on the syringe and on the 
silicon tube; the microchip was instead heated at 45 °C with an adhesive 
heater (RICA heating elements). The temperature control was crucial to 
ensure the gelatin sol state, a necessary condition to avoid the channel 
obstruction.  
The output of the fiber-spinning device was precisely positioned 
(schematically represented in Fig. 3) in correspondence of a cold crosslinking 
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bath (maintained at 0 °C) in order to instantaneously freeze the hot gelatin 
exiting from the device and then obtain a fiber with a cross section 
comparable to that of the microfluidic channel. In the crosslinking bath 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (10 mM) was 
dissolved in acetone. After 24 h of crosslinking the fiber was collected from 
the bath and its morphology characterized by SEM analysis. To perform the 
SEM analysis, gelatin was dried and coated with 6 nm of Au with a sputter 
coater (CRESSINGTON SPUTTER COATER 208 HR). 
 
	
Figure 3: Schematic representation of the configuration of the microfluidic gel-spinning 
device. 
  
The droplet microfluidic device was instead mounted on the inverted 
microscope Olympus IX71 to observe and analyze the plug formation; for the 
visualization a 4X objective was used. The system was heated with the same 
elements used for the fiber-spinning device. For the emulsion generation the 
10% gelatin A solution was used as dispersed phase, while a silicon oil 
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(viscosity 4 cst) was employed as continuous phase; Spun 80 at 10% wt/wt 
was added to the oil phase for promoting droplet formation.  
4.3 Results and discussion  
4.3.1 Plug fabrication (Photolithographic Approach) 
Patterned hydrogel fibers represent a valid platform to obtain a good 3D cell 
alignment [9]. To transfer this concept to the bottom up approach scale, here 
we processed gelatin with a 3D lithography system for the fabrication of 
instructive tubular µscaffolds.  
Even though DLW-2PP offers the possibility to fabricate gelatin as a 
complex 3D structure with feature sizes influencing cell behavior, it cannot 
be used for massive production, as required in many tissue engineering 
applications. The main limitation of this technology is represented by its 
fabrication time that, as a general rule, dramatically increases whit the 
resolution. However, because of the difficulties related to the gelatin 
fabrication on the micrometric scale with other technologies, the DLW-2PP 
process can be a valid rapid prototyping technique that can be used to quickly 
test the role of specific topographic signals in the regulation of cell behavior.  
The µscaffold designed to evaluate the potentialities of patterned building 
blocks in the realization of anisotropic micro-tissues is represented in the 
figure 4; this peculiar shape was designed to maximize the µscaffold-cell 
surface contact. 
The photolithographic process was performed following the protocol 
described in the chapter 2 (paragraph 2.2.4). The gelatin mixture used here 
was the same described in the chapter 2: acrylate gelatin at 20% wt/v, 
Irgacure 369 at 3% wt and the azo-crosslinker at 4% wt dissolved in a 
phosphate buffer (pH 3.1).  
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The optimization of experimental parameters aimed to obtain the most stable 
structure in the shortest time interval, and then to find the highest allowed 
combination value of output power and scan speed. Especially in the case of 
hollow structures, the achievement of high crosslinking degree plays a crucial 
role to get the desired structural stability.  
During the optimization of the writing parameters a z-dependent 
polymerization dose was found. More specifically, because of the material-
related optical aberrations (drastically increased in the immersion-oil 
configuration) [17], the dose required increased with the distance between the 
region to photocrosslink and the substrate. Therefore, to optimize the writing  
parameters we divided the structure in a series of modules with a z-thickness 
of 10 µm (Fig. 4B) and the highest dose of the polymerization range was 
separately found for each module at each z coordinate. 
Precisely controlling the focusing z-position, each module was fabricated 
with its optimized parameters and then stitched with the successive one 
following a top-down writing sequence (from the highest to the lowest 
modulus). The final optimized laser power and scan speed profiles are 
respectively represented in the figures 4C-D, and their exact value reported in 
Table 1. 
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Figure4: Nanoscribe software representation of the entire plug (A) and of the single module (B). In 
figures C and D the power and speed parameters profiles are respectively reported; here the color 
legends represent the range of values for respectively output power (C) and Scan Speed (D). 
 
Table 2:	Reported data are referred to the Figure 4 C and D. In particular, the value of output 
power and scan speed are reported for each z coordinate range.	
 Output Power (mW) Scan Speed (µm/s) 
70 < z  <80 60 3000 
60 < z  <70 36 5000 
50 < z  <60 36 5000 
40 < z  <50 30 6000 
30 < z  <40 27 6500 
20 < z  <30 24 7500 
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10 < z  <20 24 7500 
0 < z  <10 24 7500 
 
Following this fabrication strategy and using the optimized process 
parameters, stable structures were fabricated  (Fig. 5) and each plug was 
fabricated in about 13 min. 
 
	
Figure 5: Bright field confocal image of the gelatin plug. Scale bar: 10 µm. 
4.3.2 Cell culture  
To test our platform potentiality in guiding the cell alignment and the 
anisotropic µtissue formation, HDF cells were seeded on gelatin µscaffolds 
as described in the materials and methods section (paragraph 4.2.1).  
Cells were observed after 7, 17 and 24 days from the seeding. After 7 days, 
cells adhered on the plugs surface showing a strong and reproducible 
alignment along the plug longitudinal direction (Fig. 3 A-B). To prove the 
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role of the µpattern in the cell alignment, cells were seeded on flat hollow 
plugs; using the same seeding conditions a very lower cell alignment was 
observed, further confirming the importance of the topographic signal for our 
application scope.   
 Through the multi-photon excitation (see materials and methods, paragraph 
4.2.2), the formation of the ECM of the HD-µTPs was monitored and high-
resolution images of unstained collagen structures were obtained. Collagen 
structures assembly was observed only at the 24th day (Fig. 6D) and, such as 
their cellular counterpart, the mentioned structures were strongly aligned 
along the plug longitudinal directional.  
During the experiment cytotoxic effects were never observed and the cell 
viability remained unaltered over time. 
	
Figure 6: Fluorescence images of HDF seeded on plug (A and B, scale bar 120 and 80 µm); 
the yellow circles highlight the cell orientation on the µscaffolds. Two-photon excited 
fluorescence high-resolution images of unstained collagen produced by cells (C and D, scale 
bars 50 and 20 µm).  
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4.3.3 Microfluidic Approach  
The results relative to the structures fabricated with the 3D lithography 
indicated that patterned tubular gelatin µscaffolds could be useful tools to 
produce highly anisotropic micro-tissues. However, as explained in the 
previous paragraph (4.3.1), the technological specifications of our 
lithography system limit its use to the rapid prototyping scale. 
To produce on a larger scale patterned gelatin µscaffolds, we tried to build up 
a microfluidic platform combining the droplet microfluidic technology with 
the gel spinning technique (schematically represented in Fig. 1). 
To transfer the topography on the gelatin surface, we were inspired by the 
work of Shi et al. [9], in which fibers were patterned fluxing the gelatin in a 
micro-grooved circular PDMS channel; in this work the channel was 
patterned by integrating into the device a PDMS membrane presenting a 
specific µtopography. However, following this microfabrication approach it 
can be extremely hard to modulate the channel shape and topography and, as 
a consequence, of the extruded fiber.  
Therefore, the topography was transferred onto the gelatin surface by 
following the strategy to integrate 3D µstructures in the microfluidic chip as 
extrusion µheads; the structures were precisely shaped and positioned with 
the Nanoscribe system. More specifically, our idea was to insert the 
structures in correspondence to the channel exit in order to transfer the 
topography just before gelatin consolidation.  
4.3.4 Plug formation 
Droplet-microfluidic systems belong to a microfluidic sub-category in which 
the fluid-dynamic interactions between immiscible fluids are used to isolate 
little volumes in a controlled way [14]. In this context it is possible to 
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identify the two immiscible fluids as the continuous and the dispersed phase 
(the fluid from which the droplet are obtained). 
Many droplet formation strategies based on different chip geometries and, 
then, on different fluid-dynamic interactions were designed [14][18]; among 
the different geometries here we chose the typical T-junction because of its 
higher potentialities in the tuning of the droplet aspect ratio (AR) [18]. 
In this configuration the droplet is formed at the crossing of the two 
perpendicular channels (fig.7) and is driven by a combination of viscous and 
interfacial forces, which contribution could be qualitatively valuated with the 
capillary number Ca:  
 
Equation 1                                  !" = µ!/! 
 
In the equation µ is the viscosity of the continuous phase, v its velocity and γ 
the interfacial tension between the two phases. 
In the T-junction configuration droplets AR>1 is obtained only in the 
squeezing regime [19], where the droplet formation driving force is the 
interfacial tension between the two phases (Ca<10-2). In this regime the 
droplet AR is independent from the fluids viscosity ratio and results 
proportional to the flow rate ratio Q (Q= Qdisp/Qcont), as predicted by the 
Garstecki equation [19]. 
Here we investigated on the suitable process parameters to obtain stable 
gelatin plugs with different AR in a T-junction device.  
To this end we modulated four parameters: 
 
- % in wt of gelatin 
- % of surfactant   
- Channels widths ratio 
- Flow rates ratio 
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Figure 7: Schematic representation of the plug formation in a T-junction device. 
 
Four different gelatin concentrations were first evaluated; in particular, we 
tested gelatin A at 5, 10, 15 and 20%. From the experiments, it emerged that 
using the 15% concentration it was impossible to obtain stable gelatin 
droplets.  We interpreted this result considering the role played by the 
wettability of the device in the emulsion formation. More specifically, in 
addition to the immiscibility condition between the two phases, a low device 
wettability respect to the dispersed phase is required in order to obtain a 
stable plug formation [20].  Because of the amphiphilic nature of the 
hydrogel, which increases its hydrophobicity when the polymeric fraction 
increases, and because of the device (PDMS) hydrophobicity, for higher 
gelatin fraction, less stable emulsions were produced. On the basis of this 
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result, we decided to use the 10% gelatin, which showed a better shape-
maintaining capability compared to lower concentrations. 
For the 10% gelatin the necessary percentage of surfactant to add to the 
continuous phase was assessed. In general, surfactants promote the droplet 
formation by decreasing the interfacial tension between two immiscible 
phases [14]. On the other hand, a decrease in the interfacial tension causes an 
increase of the capillary number and, then, an exit from the squeezing 
regime. Starting from these relations it is easy to consider that the best 
surfactant concentration for the droplet generation is the lowest needed for 
the stable emulsion production. In our case a 10% of Spun 80 was found as 
the minimum value to add to the oil phase for a stable gelatin droplet 
formation.  
The third optimized parameter was the channel width ratio Λ, defined as the 
ratio between the dispersed and continuous channel width. Stable gelatin 
emulsions were obtained with Λ=2 as also predicted from literature data [21]. 
With these setup parameters, the plug AR was then evaluated in function of 
the flow rate ratio; plug AR from 1.9 to 4 were produced (Fig. 8 A-E). 
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Figure 8: Graphic representing the droplet AR vs Q (A). Bright field images of the droplet 
formed at Q= 0.1 (B), Q= 0.5  (C), Q= 2 (D) and Q=2.5 (E). Scale bars: 100 µm.	
4.3.5 Fiber patterning 
To test our capability to transfer topographies onto the gelatin surface 
adopting the strategy previously described, we inserted with the Nanoscribe a 
simple structure designed to transfer a single groove on the gelatin fiber 
surface, as schematically represented in figure 9. Gelatin A was prepared at 
10% wt and fluxed at 45 °C in a straight channel with a section of 2500 µm2. 
To test the stability of the fabricated extrusion micro-head, gelatin was fluxed 
up to 500 µl/min; even at the highest velocities the polymerized structures 
did not detach from the substrate.  
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Figure 9: Schematic representation of the system used for the fiber spinning process; the 3D 
structure  fabricated with the Nanoscribe is placed at the exit of the microfluidic channel (A). 
Schematic representation of  the device dimensions. 
 
After the chemical crosslinking, the extruded fiber (extrusion flow rate 5 
µl/min) surface was characterized by SEM analysis. From the images (Fig. 
10 A-C) it is easy to observe on the gelatin fiber the groove presence which 
was complementary to the integrated protruding microstructure fabricated in 
the microfluidic device.   
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Figure 10: SEM images of the gelatin fiber spinned with the system represented in Figure 9. 
Scale bars (from A to C): 100, 10, 20 µm.	
4.3.6 In-chip extrusion head fabrication 
To transfer the topography on the plug surface, an extrusion micro-head was 
designed and fabricated to occupy the entire channel cross-section of the T-
junction device (100x100µm) (figure 11).  
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Figure 8: Nanoscribe software representation of the extrusion µhead designed to pattern 
gelatin plugs. 
 
Because of the structure dimensions and geometrical complexity, an 
optimization of the process parameters was first conducted on simple glass 
substrates, to define an appropriate fabrication strategy.  
By writing the entire micro-head with a z layer-by-layer approach, a 
structural collapse was observed (Fig. 12). 
 
	
Figure 12: SEM images of the extrusion µhead fabricated with a one-step processa by means 
of the Nanoscribe. A) Frontal view. B) Top view. Scale bars: 20 µm 
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To address the collapse problem, we divided the upper part in separate 
modules, which were stitched and assembled in the xy plane as schematically 
represented in figure 13. 
	
Figure 13: Nanoscribe software representation of the modules composing the upper part of 
the extrusion µhead (A and B) and of its writing sequence strategy (from C to D). 	
Following this strategy, the entire structure was integrally fabricated (Fig. 
14). The optimized process parameters were: laser output power 40 mW and 
scan speed 80000 µm/s. Furthermore, we introduced the power-compensation 
parameter “pspowerslope” at 0.035, to solve the z-dependent power losses 
associated with the oil immersion configuration,  that in our system is 
observed for z values higher than 30 µm [17]. The fabrication process was 
completed in about 6 min. 
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After the microfluidic plug formation and the µhead fabrication optimization, 
presently we are working on the insertion of the extrusion µhead in the 
microfluidic device to finally transfer the topography on the plug surface.  
 
	
Figure 14: SEM image of the extrusion µhead fabricated with the fabrication strategy represented in 
Figure 13. Scale bar: 20 µm.	
4.4 Conclusion and future perspectives 
In this chapter gelatin tubular µscaffolds were fabricated with the Nanoscribe 
system and subsequently tested to evaluate their potentialities in the 
production of anisotropic µtissues. From the cell seeding results it was 
evident that the presence of a linear topography strongly enhances cell 
alignment and the consequent production of an oriented µtissue.  
Starting from this proof of concept we tried to fabricate patterned gelatin 
µscaffolds on a suitable production scale for tissue engineering applications. 
To this end, microfluidic µextruder devices, based on the gel spinning 
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principle, were fabricated. Here an in-chip 3D lithography process was 
performed for positioning the extrusion µheads in the device. Our strategy 
successfully allowed the transfer of a simple topography on a gelatin fiber, 
proving the validity of our approach. In parallel, we have optimized the 
parameters for obtaining a AR variable gelatin emulsion in a T-junction 
device. Presently, we are working on the implementation of the extrusion 
µhead in the device for the massive production of patterned gelatin plug. 
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Chapter 5 
Conclusions and future perspectives 
In the first part of the thesis an overview of the main 3D micro-fabrication 
techniques for the production of instructive platforms for cell engineering 
application is provided, with special emphasis on the principles and main 
uses of the direct laser writing two-photon polymerization (DLW 2PP) 
process. The application of this technique to the fabrication of synthetic 
natural and nature derived hydrogel 3D structures is presented, highlighting 
its current limitations and potentialities. Special attention is devoted to the 
versatility of gelatin as biomaterial and its broad spectrum of applications, 
which is the core subject of this thesis. Indeed we further expanded gelatin 
use by proposing new approaches for the development of engineered 
platforms for specific cell culture applications. 
In Chapter 2 we defined the composition of an in-house synthetized gelatin-
based photoresist to fabricate complex and highly resolute microstructures 
with our 3D lithography system (Nanoscribe Professional GT); through 
addition of an azobenzene-based crosslinker, significantly fabrication 
improvements were observed. Finally, we characterized the polymerized 
gelatin that has shown physical properties compatible with many cellular 
applications in terms of elastic modulus and biodegradability. Because of the 
Nanoscribe laser wavelength (390 nm in the laser focus) we have used the 
low water-soluble Irgacure 369 as photoinitiator, which in turn has forced the 
use of an acid buffer solution as solvent. Even though the fabricated 3D 
constructs have not show cytotoxic effects, the employment of an acid 
solvent limits the use of the photoresist for some biological applications, such 
as for example the fabrication of cell laden constructs. To overcome this 
limitation a possible alternative strategy could be the use of crosslinking 
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thiolen-based reactions or other water soluble and more biocompatible 
photoinitiators with an appropriate TPA. 
In Chapter 3 we developed a gelatin-based platform for the mechanical 
stimulation of cells. To this end  a strategy in which cells were first precisely 
positioned and then exposed to mechanical stresses was developed. To 
control the cell position we used the Nanoscribe to introduce a novel 
topographic signal that strongly affected the cell adhesion process. Cells were 
mechanically stimulated by the light induced microstructure deformation due 
to the azobenzene crosslinker isomerization.  To get a higher comprehension 
of the photo-deformation, the material mechanical properties were monitored 
after the light exposure revealing that a viscous deformation takes place, 
which in turn prevents the structures cyclical deformations; to address this 
issue, we think that the introduction of more elastic crosslinker moieties 
could be a suitable solution. However with our approach we were able to 
selectively deform living cells down to the single-cell level. 
In Chapter 4 we fabricated gelatin cell-instructive building blocks for 
modular tissue engineering applications. These structures were indeed able to 
guide, with specific topographic patterns, the production of anisotropic 
oriented micro-tissue. To this end, first of all the Nanoscribe was used as a 
rapid prototyping technique to test the efficiency of the engineered modules. 
Finally, we tried to build up a droplet microfluidic device for the massive 
production of tubular gelatin patterned emulsions. More specifically, to 
pattern the gelatin surface, we performed an in-chip 3D lithography process 
to insert specific 3D extrusion micro-heads strategically positioned into the 
device; adopting this strategy a patterned gelatin fiber was obtained, while 
the process for the patterning of the gelatin emulsions is actually under 
development. 
Engineering gelatin in combination with an extensive use of DLW-2PP 
technology has been shown to be a powerful method to specifically guide 
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cells and to explore cell-material interactions; however we think that there 
are still unexplored potentialities that can be developed to further control the 
material properties and, thus, enhance the platform performance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
